We prepared silica glasses having various concentrations of chlorine, fluorine, hydrogen (SiO,-,), and oxygen (SiO,+,) to examine the precursors of paramagnetic centers induced by y rays. In the case of glasses sintered under chlorine and hydrogen ambients, the concentration of the E' center induced by y-ray irradiation scaled with the partial pressure of chlorine and hydrogen. In contrast, the E' center was suppressed in glasses doped with fluorine. Stress in the glasses was also found to enhance formation of the E' center. Planar ring structures in the glass are influenced by stress and are proposed as precursors to the E' center.
I. INTRODUCTION
Silica glasses are materials which frequently are subjected to severe environments, for example, ultraviolet (UV) emission from an excimer laser, and both particle and gamma radiation. Structural imperfections are often induced in silica glasses under these conditions. The best known defect center in any form of a-SiO, is the E' center (=Si * ), whose electron spin resonance (ESR) spectrum was first reported in 1956.rm3 A shorthand notation of the center is =Si * , where = denotes the three bonds with oxygens and * represents an unpaired electron.
Concerning the precursor of the radiation or photoinduced E' centers, Griscom observed a diversity of production and annealing kinetics which depended on the characteristics of irradiation and water content and/or thermal history of the silica glasses.4 This diversity suggested the possible existence of several E' center variants, at least four of which were distinguishable on the basis of subtle differences in their ESR spectroscopic features. Thus, EL, E/+ Eb and Ei centers have been described.4 One of the formation mechanisms of the photoinduced E' center is GSi-Si= + =Si* ++Si=+e-.
The rSi-Si= structure represents extended Si-Si bonding and was called the oxygen deficient center (II) [ODC (II) ] to discriminate it from the stable rSiSi= structure [ODS(I)], by Imai et al5 The ODC (II) is converted into =Si-H bond groups upon heat treatment in an H, atmosphere:
rSi-Si= + H2 + rSiH + HSi=.
=SiH is a second precursor species of the irradiation induced E' center. The formation efficiency of the EE' centers in silica glasses containing =Si-H bonds is about two orders of magnitude higher than that in silica glasses contaming the ODC (II); this suggests that rSi-H bond groups are the dominant precursor of the E' centers in these glasses. ' Other well known paramagnetic centers of the trapped hole type correspond to the nonbridging oxygen hole center (NBOHC) and the peroxy radical (POR) which are denoted as =SiO * and =SiOO *, respectively.6 The following radiolytic reaction is known to take place in OHcontaining silicas: =SiOH + =SiO * + *H.
Recently, Devine and Amdt7 and Arai et al. * proposed that the =SiOSi= moiety can be dissociated: =SiOSi= + &ii* + *OE.
In this study, we examined the formation mechanism of the paramagnetic centers in silica glasses. Based on the hypothesis that the precursor was related to some imperfections in silica glasses, e.g., impurities, nonstoichiometry, and strained bonds, silica glasses with halogen as the impurity, or with nonstoichiometry (SiO,-, and SiO,+,) were prepared and evaluated.
II. EXPERIMENTAL PROCEDURE
Silica glasses were prepared by the vapor-phase axial deposition (VAD) technique."" In the case of Cl-containing samples, the VAD soot rods (surface area -200 cm2/g) were treated under a Ccl, atmosphere at 800 "C before sintering under different controlled atmospheres (He, Cl,/I-Ie=l/lO, 3/10, and 5/10). They are hereafter referred to as VADDRY, CLl, CL3, and CL5, respectively. One VAD sample was not treated with Ccl4 before sintering in a He ambient and was called VADWET. Silica glasses having different fluorine concentrations were fabricated with SF6 and SiCl, gases. The concentration of total fluorine was determined by electron probe micro analysis (EPMA) and estimated as 2.9 X 102' cmY3 and 6.2X 102' cmp3 with an accuracy of 10%. The abbreviated names were FS and FL, respectively.
For the fabrication of Si02-x glasses, the soot rods were sintered under reducing atmospheres (H/He= 5/ 100,2/100, and l/100) and are abbreviated as HR5, HR2, and HRl, respectively.
In the case of oxygen-rich samples (SiO,,,), the PO-. rous soot rods were sintered under a gaseous mixture of He and 02. The ratio of the two gases was changed to be O,/He=l/lO, 3/10, 7/10, and lO/lO. The samples were labeled VADl, VAD3, VAD7, and VADlO, respectively. The conditions of sample preparation are summarized in Tables I and II. Sample pellets were 2 mm thick and had a diameter of 25 mm. Samples were irradiated at room temperature with gamma rays from a @?o source. The doses ranged from 1 X lo5 to 9.57X lo7 rad. The annealing conditions for -some of the samples were 1000 "C in a He atmosphere at 760 Torr for 30 min, 5 days. The X-band electron spin resonance (ESR) spectrum was measured using a JES-FE-2XG spectrometer. With the use of a strong pitch standard sample, the concentrations of the E' center and NBOHC were determined at room temperature and 77 K, respectively. The power of the microwave probe used for the measurements of the two centers was 1 PW or 20 mW, respectively, to avoid saturation. The absolute spin concentrations were obtained to an accuracy of =ttO%; the relative concentrations of defects were determined to an accuracy of * 10%. Samples were measured 24 h after the irradiation. The frequency and magnetic field were calibrated with a cavity wavemeter and proton NMR field meter.
The precision polarimeter (Toshiba SVP-30) was used for measurement of the stress in the glasses. The apparatus can measure the magnitude of retardation (M) in a polarized propagating beam. This was used to estimate (TV --a2 by 'TV --a,= AA/Cd, where C is the photoelastic constant. In the case of silica glass, the value is 33.32 (nm cm/N). d is the thickness of the sample. Hereafter, the value of (TV --a2 is defined as the stress in the glasses. The value of M. was estimated to an accuracy of * 1 nm.
For Raman spectroscopy, an Ar ion laser operating at 5 14.5 nm (2.42 eV) wavelength and a double-beam monochromator (SPEX 1403) were used to probe the sample and acquired the Raman spectra.
Ill. RESULTS
A. Decay of the concentration of the E' center
The decay of the E' center concentration in irradiated glasses was examined at room temperature from 1 h to 148 h after the irradiation. The E' concentration in all samples investigated was found to reach a steady state at 24 h. The estimation of the concentration of E' centers was estimated, therefore, consistently at 24 h after the irradiation for all samples.
Growth of the E' center concentration with pray irradiation
Figures 1 (a)-1 (c) show a general trend in dose dependence of the concentration of E' centers induced in halogen-doped glasses, SiOzpx and Si02+x glasses, respectively.
From Fig. 1 (a) , it is seen that the concentration of the induced E' center increases with accumulative gamma dose in all samples. The induced E' centers in FS and FL samples were a hundredfold less than those of VADWET samples. It is concluded therefore that fluorine restrained the growth of E' centers. The E' center generation in FL and FS was increased with increasing accumulative dose, and measured concentrations were close to those of VAD-WET at a higher dose exceeding 1 x lo7 rad.
The dependence of the concentration of the E' center on chlorine was examined for CLl, CL3, and CL5 samples [ Fig. l(b) ]. The concentration of the E' center increased proportionally with Cl, partial pressure during the fabrication process and seemed to saturate in the region of high accumulative dose ( Tr lo7 rad). In the case of SiO,-X glasses, the E' concentration increased from glasses prepared under low reducing conditions (HRl ) to samples prepared under high reducing conditions (HR5) in Fig. 1 (c) . The E' center concentration in HRI, HR2, and HR5 samples has a tendency to saturate above a dose of 1 X lo6 rad.
In the case of the SiO,,, glasses (VADl, VAD3, VAD7, and VADlO), the concentrations of E' centers were the same at comparable accumulative doses [ Fig.  1 (d) ]. The concentration of the E' center in SiO,,, glasses was smaller than that of stoichiometric silica glasses, e.g., VADWET.
C. Relationship between the E' center and the stress in glasses D. Raman spectroscopy
We measured local stress in the samples to demon- Figure 4 (a) shows the Raman spectra of VADWET, strate that the intrinsic stress correlated with the formation FS, and FL. The broad band at -440 cm-' has been of the E' center. Figure 2 shows the radial distribution of attributed to Si-OSi stretching. 'I Raman peaks at 494 and the stress measured at five points from surface to surface 606 cm", the so-called defect lines D, and D2, were asthrough the sample center within VADDRY disks cut signed to four-and three-membered planar rings. 12-i4 Both from a rod. In the case of the initial glass (open circles and mode intensities decreased with increasing fluorine concen-solid line), a high degree of stress existed, especially near the edge of the disk. With further isothermal annealing, the stress diminished. The concentrations on the E' center and NBOHC in the VADDRY sample after gamma-ray irradiation are shown in Fig. 3 as a function of the stress, which was the average of the stress measured at five points in the sample. The concentrations of E' center and NBOHC were measured at room temperature and at 77 K, respectively. The concentration of the E' centers was the same as the NBOHC concentration, except in the initial samples whose stress was 5 X lo6 N mL2. When the stress was diminished by annealing, both concentrations of the E' center and the NBOHC induced by gamma rays also decreased. /k-g\ 
IV. DISCUSSION
A. Possible precursors of the E' center related to impurities First, the effect of Cl on the generation of the E' center will be discussed. The E' center generation was found to be enhanced with respect to the partial pressure of chlorine used duting fabrication. Most of the Cl atoms in silica glasses are incorporated as Si-Cl linkages. There are no reports on the vibration spectrum on =Si-Cl in silica glass as far as we know. In SiC14 molecule in the gas phase, the strongest peak was located at 422 cm-' reported by Trumpy. I5 Unfortunately, the peak is behind the strong peak at 440 cm-' due to Si-O-Si stretching in silica glass. Therefore, we cannot discuss the r&Cl bond with Raman spectra. We propose that a precursor of the E' center is chlorine bonded to silicon (=SiCl). The photoradiative reaction possibly can be expressed as: FIG. 3 . Relationship between the stress and the E' center and NBOHC induced by 'y-ray irradiation. The values of the stress were the average of the five points measured from edge to edge before irradiation of y rays (Fig. 2) . The E' center and NBOHC were measured at room temperature and 77 K, respectively, after irradiation of y rays (1 Mrad at room temperature).
&Xl --* =Si * + Cl'.
The generated Cl0 particigates in secondary reactions at room temperature and was not detected in ESR.' The E' center was also induced in the SiOzmx glasses (HRl, HR3, and HR5) and this concentration increased with respect to the partial pressure of hydrogen. In our previous report, structural imperfections in the glasses were examined by optical techniques.16"7 The silicon lone pair center (SLPC, :Si= ) was detected and its concentration was estimated as 1.0~ 1015, 1.6~ 1015, and 4.8X 1015 cmp3 for HRI, HR3, and HR5 samples, respectively, using the value of the absorption cross section of SiO molecules in the gas phase (a=5X 1O1' cm 2 '* The concentration of the SLPC was ). ten times smaller than the concentration of the induced E' center. Therefore, it is impossible to regard the SLPC as a precursor of the induced E' center. The most probable candidate for the precursor of the E' center was speculated to be =Si-H and a possible mechanism for its formation is:
In the case of the SiO,,, glasses (VADl, VAD3, VAD7, and VAD lo), the concentration of the E' center in every sample was almost the same. However, the concentration was smaller than that in the VADWET samples. This means that the oxygen reacts with the precursor of E' center to restrict its generation. The mechanism of the suppression is not clear.
In this case of fluorine-doped silica glasses, the E' center concentration was below the detection limit ( < lOI cm -3) in the region below -5X lo6 rad. Above the 1017 rad region, E' centers were detected, but at a concentration over ten times smaller than that seen in the VADWET sample. Fluorine has an effect on suppressing the genera- tion of the E' center. The mechanism for this suppression the preferential attack of F on the strained bridging oxygen is discussed in the following subsection.
moiety &%O-Si?;
B. Relationship between the stress and the precursor to the F center
In the previous subsection, the rSi-X (X=Cl or H) structure was proposed as one of the precursors of the E' center; however, the E' centers were induced in all silica glasses. This indicates that other precursors to this center must exist in silica glasses. A precursor to the E' center and the NBOHC may result from the presence of stress in the glass:
=Si-O-S& (stress) 4 =Si -+ . OSi=.
Both the E' center and the NBOHC induced by the y ray were observed at the same concentration. 
The Si-F bond is not the precursor to the E' center owing to a relatively high bond strength and resistance to radiative dissociation.lg Therefore fluorine introduced into silica glasses restricts the generation of the E' center by gamma-ray irradiation.
A sequent of the stressed silica glass network is thought to form the three membered planer rings. Results from two previous reports are shown below. ( 1) Molecular orbital (MO) calculations have established that the optimized geometry for the cyclic trisiloxane molecule, H6Si303, is planar with D,, symmetry and a Si-O-Si bond angle, 4, equal to 136.7".*' This 4 is significantly less than the most common 4 in conventional a-SiO, (average 4 = 15 1") and in cyclic ring molecules which comprise four or more silicons, # = 144" in hexamethylcyclotetrasiloxane.14 (2) B . k rm er et aZ. reported that the relative intensity of the D2 line in the Raman spectrum was also quite low for the 600 "C sample after exposure to water vapor at 25 "C and 100% RH. In contrast to this behavior, the D1 Raman line is present and its relative intensity changes little with heating or exposure to water vapor. This fact means that the strained three-membered ring will react with water. l4
Based on this previous data and our present work, the three-membered ring corresponding to the Dz line in the Raman spectrum is one of the strained bonds associated with the precursor of both the E' center and the NBOHC. The three-membered ring disappeared when fluorine was doped into silica glass.*l Two possible explanations are proposed for the destruction of the three-membered rings in the structure. First, the ring structures undergo relaxation when doned with fluorine: (9) II F/si\o/ Second, the fictive temperature is decreased due to the doping of fluorine. As evidence, Galeener et al. proposed that the Dl and D2 lines in the Raman spectrum are related to the fictive temperature.** When chlorine is doped in silica glass, the fictive temperature would decrease. However, the intensities of both D, and D2 lines are not changed with the increase of chlorine concentration. These inconsistent results could be explained by two reasons. First, the concentration of chlorine was 2-10 times smaller than that of fluorine. Second, the effect of reduction of the fictive temperature of chlorine is believed to be smaller than that of fluorine.23
V. CONCLUSIONS
In this study, we tried to elucidate the precursor of the E' center induced by y-ray irradiation:
( 1) Chlorine-doped silica glass or hydrogen reduced silica (SiO.& were prone to enhanced formation of E' centers by gamma radiation: =SiX -+ =Si* +-X0 (X=C!l or H). _(2) The concentration of the E' center induced by gamma rays was related to the stress in glasses.
(3) The three-membered ring structure, which is proposed as a precursor to the E' centers, was reduced with fluorine doping.
